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ABSTRACT 
P r o j e c t e d  NASA, C i v i l ,  Commercial, and M i l i t a r y  
m iss ions  w i l l  r e q u i r e  space power systems o f  increased 
v e r s a t i l i t y  and power l e v e l s .  
Dynamic (ASD) Power systems o f f e r  t h e  p o t e n t i a l  f o r  
e f f i c i e n t ,  1 i gh twe igh t ,  su rv i vab le ,  r e l a t i  v e l y  compact, 
l o n q - l i v e d  space power systems a p p l i c a b l e  t o  a wide 
range o f  power l e v e l s  ( 3  t o  300 kWe), and a wide var i -  
e t y  o f  o r b i t s .  The success fu l  development o f  t hese  
systems c o u l d  s a t i s f y  t h e  power needs f o r  a wide  var i -  
e t y  o f  t hese  p r o j e c t e d  miss icns.  Thus, t h e  NASA Lewis 
Research Center  has embarked upon an agqress i ve  ASD 
research  p r o j e c t  under t h e  d i r e c t i o n  o f  NASA's O f f i c e  
of  Ae ronau t i cs  and Space Technology (OAST). The pro j -  
e c t  i s  b e i n g  implemented through a comb ina t ion  o f  i n -  
house and c o n t r a c t e d  e f f o r t s .  
p r o j e c t  a r e  m iss ions  a n a l y s i s  t o  determine t h e  power 
systems requi rements,  systems a n a l y s i s  t o  i d e n t i f y  the 
most a t t r a c t i v e  ASD power systems t o  meet these  
requi rements,  and t o  gu ide t h e  techno logy  development 
e f f o r t s ,  and technology development o f  key  components. 
INTRODUCTION 
The Advanced S o l a r  
Key e lements o f  t h i s  
P h o t o v o l t a i c  systems have s u c c e s s f u l l y  met t h e  
needs of t h e  n a t i o n s  space power systems f o r  c o m e r -  
c i a 1  and m i l i t a r y  s a t e l l i t e s .  These systems have been 
r e l a t i v e l y  low power, 10 kWe o r  l ess .  F u t u r e  NASA, 
m i l i t a r y ,  and commercial space m iss ions  w i l l  r e q u i r e  
much h i g h e r  power l e v e l s .  I n  low e a r t h  o r b i t  (LEO) 
more e f f i c i e n t  power systems w i t h  t h e i r  s m a l l e r  drag 
areas w i l l  r e s u l t  i n  lower  o r b i t  maintenance p r o p e l l a n t  
requi rements.  Advanced S o l a r  Dynamic (ASD)  systems can 
p r o v i d e  h i g h  power e f f i c i e n t l y  and r e l i a b l y  i n  a com- 
pact ,  l i g h t w e i g h t  manner. These systems can operate 
i n  any o r b i t  because t h e y  w i l l  n o t  be  a f f e c t e d  b y  hiqh 
r a d i a t i o n  l e v e l s .  NASA's Lewis Research Center  i s  
engaged i n  an aggress ive ASD research  p r o j e c t  under the  
d i r e c t i o n  o f  NASA'  O f f i c e  o f  Ae ronau t i cs  and Space 
Technology (OAST) through a combinat ion of in-house and 
c o n t r a c t u a l  e f f o r t s .  The p r o j e c t  w i l l  use systems 
a n a l y s i s  t o  i d e n t i f y  p romis ing  techno logy  areas and 
d e s i r e d  c h a r a c t e r i s t i c s  o f  key  components. Advanced 
concepts f o r  t h e  key components o f  ASD systems w i l l  be 
pursued and r e l a t e d  t e c h n o l o g i e s  developed. 
components a re  t h e  concen t ra to r ,  r e c e i v e r ,  r a d i a t o r ,  
and the rma l  enerqy s t o r a g e  m a t e r i a l .  The qoal  o f  t h e  
program i s  t o  demonstrate t h e  techno loqy  read iness  of  
t hese  power systems f o r  f l i g h t  a p p l i c a t i o n s  beyond t h e  
1990's. T h i s  paper w i l l  d i s c u s s  t h e  con ten t ,  s t a t u s ,  
and r e s u l t s  o f  t h e  va r ious  component development p r o j -  
e c t s  t o  date.  
M I S S I O N S  ANALYSIS 
These 
A rev iew  o f  f u t u r e  NASA and DOD m i s s i o n s  c l e a r l y  
shows a t r e n d  t o  h i q h e r  power requi rements.  It i s  
e s s e n t i a l ,  i n  t h e  case o f  LEO miss ions,  t o  i n v e s t i q a t e  
space power systems w i t h  l ower  d raq  area than  conven- 
t i o n a l  p h o t o v o l t a i c  power systems. I n  a d d i t i o n ,  
Advanced So la r  Dynamic (ASD) Power Systems o f f e r  t h e  
p o t e n t i a l  f o r  l i g h t w e i g h t ,  h i g h l y  r e l i a b l e ,  l o n q - l i v e d  
systems t h a t  can s u r v i v e  i n  a v a r i e t y  o f  a l t i t u d e s  and 
o r b i t s .  A r e c e n t  NASA-funded System D e f i n i t i o n  Study 
conducted b y  Rocketdyne u s i n g  t h e i r  own d a t a  base, 
which i s  a c o m p i l a t i o n  o f  NASA and DOD d a t a  bases p l u s  
o t h e r  qovernment and i n d u s t r y  sources, i d e n t i f i e d  
n e a r l y  100 m iss ions  i n  t h e  1992 t o  2010 t ime f rame f o r  
power systems t h a t  r e q u i r e  i n  excess o f  3 kW and many 
t h a t  w i l l  use ove r  15  kWe. The d i s t r i b u t i o n  o f  t hese  
m iss ions  b y  power l e v e l  i s  shown i n  F ig .  1. A p a r t i a l  
l i s t i n g  o f  t hese  miss ions,  t h e i r  r e q u i r e d  power l e v e l s ,  
and scheduled launch da tes  a r e  shown i n  Tab le  I. O f  
p a r t i c u l a r  i n t e r e s t  a r e  power l e v e l s  r e q u i r e d  o f  mate- 
r i a l  p rocess ing  u n i t s ,  t h e  p o l a r  o r b i t i n g  S o l a r  
T e r r e s t r i a l  Observatory, and t h e  Geosynchronous E a r t h  
O r b i t  (GEO) Communi c a t i o n s  P 1 a t fo rms  . 
The a v a i l a b i l i t y  o f  space power systems w i t h  h i q h  
power c a p a b i l i t y  would enab le  m iss ions  w i t h  r e q u i r e -  
ments f o r  75 kW o r  more. 
M iss ions  Adv iso ry  Group r e s u l t e d  i n  t h e  l a r q e  number 
o f  f u t u r e  m iss ions  l i s t e d  i n  Table 11. These m iss ions  
i n c l u d e  t h e  space s t a t i o n ,  o r b i t i n q  s a t e l l i t e s ,  and 
a s t e r o i d  e x p l o r a t o r y  miss ions.  A l l  o f  t hese  m iss ions  
c o u l d  be  accomplished w i th  a n u c l e a r  power sou rce  such 
as would be p rov ided  b y  SP-100; however, ASD systems 
do p r o v i d e  a nonnuclear  a l t e r n a t i v e .  
A s tudy  done b y  t h e  C i v i l  
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ASD systems c o u l d  also p r o v i d e  power f o r  m i l i t a r y  
m iss ions  such as Space Defense I n i t i a t i v e  (SDI) sys- 
tems, s u r v e i l l a n c e  s a t e l l i t e s ,  and housekeeping power 
f o r  weapons p l a t f o r m s .  
i n d i c a t e d  i n  Tab le  111 but most a r e  c l a s s i f i e d .  
ADVANCED SOLAR DYNAMIC SYSTEMS 
Some m i l i t a r y  m iss ions  a r e  
As t h e  needs f o r  h igher  power l e v e l s  evolve,  s o l a r  
dynamic systems become o f  i nc reased  i n t e r e s t  t o  mis-  
s i o n  p lanners.  T h i s  i s  becoming more apparent  as t h e  
Space S t a t i o n  developers are c o n s i d e r i n g  b o t h  photo- 
v o l t a i c  and S o l a r  Dynamics f o r  t h e  I n i t i a l  Opera t i ng  
C o n d i t i o n  ( I O C )  75 kW power l e v e l .  
i nc reased  i n t e r e s t ,  ASD a p p l i c a t i o n s  a r e  be ing  l ooked  
a t  n o t  o n l y  f o r  h i g h  power m iss ions  b u t  a l s o  f o r  a 
b road  range o f  a p p l i c a t i o n s  o v e r  a v a r i e t y  o f  power 
l e v e l s ,  o r b i t s ,  and a l t i t u d e s .  Because o f  t h i s  wide 
range o f  m i s s i o n  requirements, two module s i z e s  were 
chosen as r e p r e s e n t a t i v e  o f  t h e  l a r g e  v a r i e t y  o f  f u t u r e  
m iss ions ,  7 and 35 kWe. The System D e f i n i t i o n  s t u d y  
was done a t  t hese  two power l e v e l s ,  assuming t h a t  mis- 
s i o n s  o f  l a r g e r  power requirements would use m u l t i p l e  
modules. 
Two thermodynamic cyc les a r e  b e i n g  cons ide red  a t  
t h i s  t i m e  f o r  t h e  ASD systems, B ray ton  and S t i r l i n q  
cyc les .  I n i t i a l l y  a h i g h  temperature l i q u i d  me ta l  
Rankine c y c l e  was a l s o  being considered,  however, t h e  
System D e f i n i t i o n  Study showed t h a t  a t  r e a l i s t i c  tem- 
p e r a t u r e s  t h e  s p e c i f i c  mass o f  t h e  Rankine c y c l e  was 
f a r  t o o  heavy t o  be o f  f u r t h e r  i n t e r e s t .  The o r q a n i c  
Rankine c y c l e ,  which uses Toluene a t  about 700 K as t h e  
work ing  f l u i d ,  i s  n o t  being cons ide red  i n  t h e  ASD p ro -  
gram, b u t  i s ,  a long  w i t h  t h e  1000 K Brayton,  a candi -  
d a t e  f o r  t h e  I O C  Space Stat ion,  and i s  t h e r e f o r e  
cons ide red  p resen t  day technology. 
Brayt;; Cyc? . . , 
space power system. 
p a r a b o l i c  m i r r o r  ( concen t ra to r )  i n t o  t h e  c a v i t y  o f  t h e  
r e c e i v e r .  The work ing  f l u i d ,  a m i x t u r e  o f  h e l i u m  and 
xenon heated t o  a h i g h  temperature, c a r r i e s  t h e  energy 
t o  t h e  t u r b i n e  where t h e  thermal  energy i s  conve r ted  
t o  s h a f t  work b y  expansion th rough  t h e  t u r b i n e .  The 
h o t  gases t h e n  pass through t h e  r e c u p e r a t o r  where a 
p o r t i o n  o f  t h e  waste heat i s  r e t u r n e d  t o  t h e  system. 
The balance o f  t h e  waste heat  i s  g i v e n  up i n  t h e  h e a t  
exchanger and r a d i a t o r .  An a l t e r n a t o r  connected t o  t h e  
t u r b i n e  s h a f t  f u r n i s h e s  the e l e c t r i c a l  power. The gas 
i s  compressed and re tu rned  t o  t h e  r e c u p e r a t o r  t o  
r e c o v e r  some o f  t h e  waste h e a t  b e f o r e  r e t u r n i n g  t o  t h e  
r e c e i  ver. 
I n  view o f  t h i s  
e sc emat ic  i n  Fig. 2 shows t h e  B ray ton  c y c l e  
Solar energy i s  focused b y  a 
S t i r l i n g  Cyc le  
S t i r l i n g  F ree  P i s t o n  Space Power System. 
k i g u r e  3 shows a schematic d iagram o f  a S o l a r  
T h i s  scheme 
shows hea t  p i p e s  b e i n g  used t o  de l - i ve r  t h e  the rma l  
enernv ,.I f r o m  t h e  r e c e i v e r  t o  t h e  S t i r l i c g  ec$ce he-ter.  
L i q u i d  me ta l  pumped loops can a l s o  be used. S i m i l a r l y ,  
e i t h e r  h e a t  p i p e s  o r  l i q u i d  me ta l  pumped loops  can be 
used t o  c a r r y  t h e  waste heat t o  t h e  r a d i a t o r .  S ince 
t h e  S t i r l i n g  c y c l e  uses an o s c i l l a t i n g  f r e e  p i s t o n  t o  
c o n v e r t  t h e  energy t o  useful work, a l i n e a r  a l t e r n a t o r  
i s  t h e  most s t r a i g h t  forward means f o r  g e n e r a t i n q  t h e  
e l e c t r i c a l  power. 
Thermal energy storage systems u t i l i z i n g  t h e  
l a t e n t  h e a t  o f  f u s i o n  o f  a phase change m a t e r i a l  a r e  
used t o  supp ly  t h e  h e a t  f o r  e c l i p t i c  o p e r a t i o n  o f  t h e  
power system f o r  b o t h  systems. 
System Comparisons 
t h e  user  a r e  t h e  s p e c i f i c  power o f  t h e  system, t h e  
s p e c i f i c  area i n  a p l a n e  p e r p e n d i c u l a r  t o  t h e  d i r e c -  
t i o n  of motion, and t h e  l aunch  v e h i c l e  packaging shape 
and volume. I n  most o f  t h e  s t u d i e s  done t o  d a t e  t h e  
systems have been compared on a s p e c i f i c  power and 
s p e c i f i c  area bas i s ;  however, as systems become b e t t e r  
de f i ned ,  t h e  c o n s t r a i n t s  o f f e r e d  b y  t h e  launch v e h i c l e  
i n  terms of s t o r e d  package volume, s t o r e d  mass, and 
l o c a t i o n  o f  launch v e h i c l e  c e n t e r  o f  q r a v i t y  w i l l  be 
o f  q r e a t e r  concern. 
p a r i s o n  w i l l  be system s p e c i f i c  power and concen t ra to r  
s p e c i f i c  area. As a p a r t  o f  t h e  System D e f i n i t i o n  
Study, a comparison was made between t h e  p resen t  day 
s o l a r  dynamic B ray ton  c y c l e  techno log ies  and photo- 
v o l t a i c  techno loq ies .  T h i s  comparison i s  shown i n  
F i g .  4. 
n o l o g i e s  a r e  based on c u r r e n t  space s t a t i o n  des igns.  
Complete r e s u l t s  o f  t h e  s tudy,  f o r  b o t h  35 and 7 kWe 
systems a r e  p resen ted  i n  bargraph fo rm i n  F iqs .  5 
and 6. Both mass ( F i g .  5 )  and area ( F i g .  6 )  compari- 
sons a r e  made. The b a r  graph i n  F iq .  7 shows t h e  d i s -  
t r i b u t i o n  o f  t h e  mass between t h e  i n d i v i d u a l  components 
f o r  t h e  35 kWe system. The p h o t o v o l t a i c  systems used 
n i c k e l  hydrogen b a t t e r i e s  f o r  s to raqe  d u r i n g  t h e  
e c l i p s e  p o r t i o n  o f  t h e  o r b i t a l  cyc le .  Other  system 
parameters used i n  t h e  s t u d y  a r e  shown i n  Tab le  I V .  
HIGHER TEMPERATURE EFFECTS 
>pace power system c h a r a c t e r i s t i c s  o f  i n t e r e s t  t o  
I n  t h i s  paper parameters o f  com- 
Both t h e  s o l a r  dynamic and p h o t o v o l t a i c  tech-  
S o l a r  dynamic systems cons ide red  t o  da te  b o t h  f o r  
t e r r e s t r i a l  and space a p p l i c a t i o n s  have been l i m i t e d  
i n  maximum t u r b i n e  i n l e t  temperature i n  t h e  v i c i n i t y  
o f  1000 K. T h i s  i s  about t h e  l i m i t  t h a t  s u p e r a l l o y s  
can be used f o r  l o n g  p e r i o d s  o f  t ime .  H igher  tempera- 
t u r e s  r e q u i r e  t h e  use o f  r e f r a c t o r y  me ta l s  o r  ceramics. 
Because o f  o x i d a t i o n  problems t e r r e s t r i a l  systems have 
used e i t h e r  s t a i n l e s s  s t e e l  o r  supera l l oys .  S tud ies  
done a t  NASA Lewis, r e s u l t i n g  i n  t h e  curves presented 
i n  F ig .  8, have shown t h a t  r e d u c t i o n s  i n  s p e c i f i c  power 
and c o n c e n t r a t o r  area r e s u l t  f rom o p e r a t i n g  a t  h i g h e r  
temperatures,  up t o  t h e  v i c i n i t y  o f  1400 K. The s i n g l e  
s p e c i f i c  mass va lue l abe led ,  System D e f i n i t i o n  Study, 
r e p r e s e n t s  p resen t  day techno logy  u s i n g  B ray ton  cyc le ,  
space s t a t i o n  des ign  as determined i n  t h e  Rocketdyne 
s tudy.  The cu rves  o f  s p e c i f i c  power (F ig .  8 ( a ) )  and 
c o n c e n t r a t o r  s p e c i f i c  a rea  ( F i q .  8 ( b ) )  which, r e p r e s e n t  
qoa ls  o f  t h e  ASD program, were generated by assuminq 
t h a t  a t  each tempera tu re  t h e  thermal  energy s t o r a q e  
(TES) m a t e r i a l  has t h e  same hea t  o f  f u s i o n  and d e n s i t y  
as L iF ,  which m e l t s  a t  1100 K. I n  t h i s  way, o n l y  tem- 
p e r a t u r e  e f f e c t s  a r e  considered.  Improvements i n  spe- 
c i f i c  power t h a t  r e s u l t  f r o m  S t i r l i n g  c y c l e  technology,  
l i g h t e r  c o n c e n t r a t o r  c o n s t r u c t i o n  methods, and b y  
improv inq  t h e  c o n c e n t r a t o r  s u r f a c e  accuracy, o r  a b i l i t y  
t o  f o c u s  energy i n t o  t h e  r e c e i v e r  aper ture,  a r e  a l s o  
i nc luded .  A t  h i q h e r  temperatures,  i nc reased  r e r a d i a -  
t i o n  l o s s e s  frem t h e  a p e r t l l r e  exceed t h e  g?!inc r e s u l t -  
i n q  f r o m  h i q h e r  c y c l e  e f f i c i e n c y .  I t  can be seen from 
these  cu rves  t h a t  t o  make these  q a i n s  i n  s p e c i f i c  
we igh t :  
(1) A TES m a t e r i a l  t h a t  has p r o p e r t i e s  (hea t  of 
f u s i o n  and d e n s i t y )  as qood as L i F  b u t  a t  t h e  h i g h e r  
tempera tu re  must be found. 
( 2 )  A c o n c e n t r a t o r  w i th  a s u r f a c e  e r r o r  o f  1 mrad 
o r  l e s s  must be developed. (P resen t  day technology i s  
about 2 mrad.) 
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( 3 )  The c o n c e n t r a t o r  mass must e reduced f rom 
p resen t  day techno log ies  o f  4.9 kq/m 9 b y  a f a c t o r  
o f  4. 
COMPONENT DEVELOPMENT 
It has been shown t h a t  g a i n s  i n  ASD system pe r -  
formance w i l l  be  d e r i v e d  f rom o p e r a t i n g  a t  a h i g h e r  
TES m a t e r i a l  m e l t i n g  p o i n t ,  u s i n g  a c o n c e n t r a t o r  su r -  
f ace  accuracy o f  a t  l e a s t  1 mrad, and deve lop ing  con- 
c e n t r a t o r  f a b r i c a t i o n  and deployment techn iques  t h a t  
reduce  t h e  c o n c e n t r a t o r  mass. The NASA Lewis component 
development program t h e r e f o r e  s t r e s s e s  these  impor tan t  
areas. 
Recei ver 
>pace power r e c e i v e r s  d i f f e r  f r o m  t e r r e s t r i a l  
r e c e i v e r s  i n  seve ra l  impor tan t  areas. T e r r e s t r i a l  
r e c e i v e r s  do n o t  u t i l i z e  energy s to rage  t o  enable t h e  
system t o  c o n t i n u e  t o  produce power d u r i n g  p e r i o d s  o f  
no  sun energy. A space system on t h e  o t h e r  hand must 
s t o r e  enough energy d u r i n g  t h e  sun p e r i o d  t o  a l l o w  t h e  
p r o d u c t i o n  o f  power d u r i n g  t h e  e c l i p s e  p o r t i o n  o f  t h e  
o r b i t .  T h i s  amounts t o  about 36 min i n  a low-earth- 
o r b i t  (LEO). I n  a s o l a r  dynamic system, thermal  s t o r -  
age i n  e i t h e r  a l a t e n t  hea t  o r  p o s s i b l y  a s e n s i b l e  heat 
system w i l l  be used. 
P a r a l l e l  c o n t r a c t s  have been awarded t o  two com- 
panies,  AiResearch Manu fac tu r ing  Company and Sanders 
Assoc ia tes  t o  develop concepts f o r  advanced r e c e i v e r  
des igns.  
as a b a s e l i n e  r e c e i v e r ,  t h e  r e c e i v e r  shown i n  Fig. 9. 
T h i s  r e c e i v e r  passes t h e  work ing  f l u i d  th rough  tubes 
i n  t h e  w a l l s  o f  t h e  r e c e i v e r  ,xhere i t  absorbs hea t .  
The TES m a t e r i a l  surrounds t h e  work ing  f l u i d  tubes.  
The TES system i s  f u l l y  charqed d u r i n g  t h e  sun p e r i o d  
when t h e  phase change m a t e r i a l  i s  f u l l y  melted. Dur- 
i n g  t h e  e c l i p s e  p a r t  o f  t h e  c y c l e  a l l  o f  t h e  enerqy has 
been e x t r a c t e d  when t h e  TES has comp le te l y  s o l i d i f i e d .  
L a t e n t  h e a t  TES. The l a t e n t  h e a t  TES concept  be ing 
Under t h i s  program AiResearch has presented, 
d i scussed  h e r e  r e s u l t s  f rom a s o l i d  t o  l i q u i d  phase 
change. The hea t  r e c e i v e r  i n c o r p o r a t e s  t h e  the rma l  
energy subsystem where t h e  phase change s a l t  i s  con- 
t a i n e d  w i t h i n  a m e t a l l i c  s t r u c t u r e .  When t h e  system 
i s  n o t  i n  t h e  e a r t h ' s  shadow t h e  s o l a r  i n s o l a t i o n  mel ts  
t h e  s o l i d  phase change m a t e r i a l  t h u s  s t o r i n g  thermal  
energy i n  t h e  l i q u i d ,  t o  be used d u r i n g  t h e  e c l i p s e  
p o r t i o n  o f  t h e  o r b i t a l  cyc le .  Dur ing  t h e  e c l i p s e  t h e  
l i q u i d  s a l t  r e l e a s e s  i t s  energy and s o l i d i f i e s .  W i t h  
most s a l t s  t h e  volume o f  t h e  s a l t  i nc reases  when m e l t -  
i ng .  Fo r  example L i F  has a volume change of app rox i -  
m a t e l y  30 pe rcen t .  I f  t h i s  i nc rease  i n  volume i s  n o t  
p r o p e r l y  des igned f o r ,  so t h a t  m e l t i n g  f i r s t  occurs 
ad jacen t  t o  t h e  void, s e r i o u s  damage t o  t h e  containment 
vessel  c o u l d  r e s u l t  f r o m  o v e r s t r e s s i n g  exper ienced i n  
each c y c l e  ( the rma l  r a t c h e t i n g ) .  
I n  a d d i t i o n  t o  be ing  a b l e  t o  w i t h s t a n d  t h e  e f f e c t s  
o f  t h e  volume change o f  t h e  TES m a t e r i a l ,  t h e  con ta in -  
ment vessel  must a l s o  be compa t ib le  w i t h  t h e  TES mate- 
r i a l  and i t  must be  a b l e  t o  w i t h s t a n d  h i g h  temperatures 
f o r  extended p e r i o d s  o f  t ime.  
i t  must rema in  as a minimum, c o r r o s i o n  r e s i s t a n t  f o r  
7 t o  10 y r  which i s  one o f  t h e  o p e r a t i o n a l  requi rements 
f o r  t h e  program. It must a l s o  have a ve ry  low c reep  
r a t e  and must  be a b l e  t o  w i t h s t a n d  t h e  space env i ron -  
ment, i.e., a tomic oxygen and u l t r a v i o l e t  r a d i a t i o n .  
C u r r e n t l y ,  h i g h  n i c k e l  s u p e r a l l o y s  such as 
H a s t a l l o y  and Niobium base r e f r a c t o r y  a l l o y s  possess 
t h e  l a r g e s t  a v a i l a b l e  d a t a  base i n  t h e  a rea  of  h i g h  
tempera tu re  a p p l i c a t i o n s .  
a v a i l a b l e  on t h e  a l l o y s  a b i l i t y  t o  c o n t a i n  t h e  mo l ten  
s a l t  m i x t u r e s  f o r  extended p e r i o d s  o f  t i m e  o r  o f  t h e  
I n  t h e  case o f  t h e  AS0 
However, l i t t l e  d a t a  i s  
e f f e c t s  t h a t  t h e  mechanical p r o p e r t i e s  o f  t h e  s a l t ,  
such as s t r e n g t h  and creep, would have on t h e  a l l o y  
(e:g., c y c l e  f a t i g u e ) .  Also, t h e  r e f r a c t o r y  a l l o y s ,  
which have a h i q h  a f f i n i t y  f o r  oxyqen, r e q u i r e  s p e c i a l  
h a n d l i n q  and f a b r i c a t i o n  techniques.  F o r  these  reasons 
as w e l l  as o t h e r s  t h e  l o n q  te rm in-house TES m a t e r i a l  
C o m p a t i b i l i t y  proqram a t  NASA Lewis has an a l l o y  deve l -  
opment and TES mechanical p r o p e r t i e s  t e s t i n g  Drogram. 
The thermal  c o n d u c t i v i t y  i s  c r u c i a l  because phase 
change s a l t  systems t e n d  t o  have ve ry  l ow  thermal  con- 
d u c t i v i t i e s  r e q u i r i n q  some f o r m  o f  enhancement t o  g e t  
t h e  hea t  energy s t o r e d  i n  t h e  s a l t  t o  t h e  work ing  f l u i d  
o f  t h e  dynamic power cyc le .  
AiResearch, Sanders, and o t h e r s  t o  improve t h e  heat  
t r a n s f e r  p r o p e r t i e s  o f  t h e  TES m a t e r i a l .  
t o  employ f i n s  on t h e  i n n e r  w a l l  o f  t h e  conta inment  
vessel t o  extend t h e  h e a t  t r a n s f e r  area and t h u s  pro-  
v i d i n g  a conduc t ion  p a t h  f o r  t h e  h e a t  o u t  o f  t h e  s a l t  
and i n t o  t h e  c y c l e  work ing  f l u i d .  
i n c l u d e :  
i n s i d e  t h e  conta inment  vessel w i t h  t h e  TES m a t e r i a l  
(2 )  employ ing what i s  known as a sa l t -me ta l  o r  a s l u r r y  
system where l i q u i d  me ta l  i s  p laced  i n s i d e  t h e  con- 
tainmemt vessel t o  c o - e x i s t  w i th  t h e  s a l t ,  ( 3 )  encap- 
s u l a t i n q  t h e  phase change m a t e r i a l  i n  t h e  v o i d  spaces 
o f  a porous ceramic m a t r i x ,  ( 4 )  encapsu la t i ng  t h e  phase 
change m a t e r i a l  i n t o  sma l l  spheres f o r  a pebble bed 
t y p e  concept  o r  i n  a m e t a l l i c  capsule, and ( 5 )  u s i n g  a 
p u r e  me ta l  i n s t e a d  o f  a s a l t  as t h e  phase chanqe 
m a t e r i  a1 . 
Severa l  i n n o v a t i v e  concepts have been proposed b y  
One method o f  enhancing t h e  s a l t s  c o n d u c t i v i t y  i s  
Other  methods 
(1) p l a c i n g  m e t a l l i c  wools o r  m e t a l l i c  f e l t s  
TES m a t e r i a l  c o m p a t i b i l i t y  t e s t  program. The pur-  
pose o f  t h i s  l o n g  t e r m  in-house program i s  t o  screen, 
i d e n t i f y ,  and t e s t  h i g h  temperature,  phase change, 
thermal  energy s t o r a g e  subsystems f o r  ASD systems. 
The program w i l l  i d e n t i f y  comb ina t ions  o f  phase change 
TES m a t e r i a l s  and conta inment  vessel  a l l o y s  s u i t a b l e  
f o r  use a t  temperatures between 1025 and 1400 K. 
s i s t s  o f  f o u r  phases as f o l l o w s :  
Phase I - I d e n t i f y  TES m a t e r i a l s  and conduct  
100 hr c o r r o s i o n  s t u d i e s  w i t h  cand ida te  commerc ia l ly  
a v a i l a b l e  a l l o y s  under vacuum c o n d i t i o n s  a t  25 K ove r  
t h e  TES m e l t i n q  tempera tu re  i n  sealed q u a r t z  tubes 
(Fig. 10) .  
Phase I 1  - Conduct 1000 h r  c o r r o s i o n  t e s t s  o f  
s e l e c t e d  TES/containment m a t e r i  a1 s i n c l u d i n g  t e n s i l e  ' 
t e s t  specimens w i th  and w i t h o u t  welds, a l s o  i n  sealed 
q u a r t z  tubes.  
50 t e n s i l e  t e s t  specimens w i l l  be exposed t o  a vacuum 
f o r  2500 hr a t  a tempera tu re  50 K ove r  t h e  m e l t i n g  
p o i n t .  One t h i r d  o f  t h e  specimens w i l l  be exposed t o  
l i q u i d  s a l t ,  one t h i r d  t o  s a l t  vapor, and t h e  l a s t  
t h i r d  s e r v i n q  as a c o n t r o l ,  w i l l  be exposed o n l y  t o  t h e  
The program wh ich  began i n  October of 1985 con- 
Phase 111 - Bread pan capsules w i t h  apDrox imate ly  
vacuum (F ig .  11) .  
T h i s  program beqan l a t e  i n  1985 and a t  t h e  w r i t -  
i n g  o f  t h i s  paper  seve ra l  Phase I t e s t s  have been per-  
formed i n  a i r  f u rnaces  a t  25 K above t h e  m e l t i n g  p o i n t  
t o  determine t h e  f e a s i b i l i t y  o f  u s i n g  evacuated q u a r t z  
capsules w i t h  t h e  s a l t s  s e l e c t e d  f o r  t h e  i n i t i a l  co r -  
r o s i o n  s tudy  (F ig .  12) .  
A l thouqh  t h e  s a l t s  i d e n t i f i e d  f o r  t h e  i n i t i a l  
c o r r o s i o n  s tudy  have h i q h  hea ts  o f  f u s i o n  pe r  u n i t  mass 
and t h e i r  m e l t i n g  p o i n t s  a r e  w i t h i n  t h e  acceptable 
range f o r  t h e  ASD program, t h e r e  a r e  seve ra l  o t h e r  
thermophysica l  p r o p e r t i e s  assoc ia ted  w i t h  t h e  s a l t s  
which must be i d e n t i f i e d  b e f o r e  t h e  hea t  r e c e i v e r s  TES 
subsystem can be completed. These i n c l u d e  dens i t y ,  
s p e c i f i c  heat, t he rma l  c o n d u c t i v i t y ,  s u r f a c e  tens ion,  
v i s c o s i t y ,  vapor pressure,  and volume change upon 
3 
mel t i ng .  These a r e  c r i t i c a l  i n  t h e  des ign  o f  t h e  TES 
subsystem. A3 i nd i ca ted  by Table V, t h e  thermophysica l  
p r o p e r t i e s  e x i s t  i n  t h e  l i t e r a t u r e  f o r  most o f  t h e  pu re  
s a l t s ,  b u t  such i s  n o t  t h e  c i s e  f o r  t h e  e u t e c t i c s .  
NASA i s  c u r r e n t l y  i n v e s t i g a t i n g  t h e  c a p a b i l i t i e s  o f  
Purdue 's  Thermal Phys ica l  Research Lab and R P I ' s  Mo l ten  
S a l t s  Data Center as poss ib le  sources f o r  de te rm in ing  
t h e  thermophysica l  p r o p e r t i e s  of  t h e  e u t e c t i c s .  
TES M ic ro -Grav i t y  Test  Program 
Since t h e  behavior  o f  t h e  void, t h a t  r e s u l t s  f rom 
sh r inkage  o f  t h e  TES when it freezes,  i s  f u l l y  depend- 
e n t  upon a cont inuous zero g r a v i t y  f i e l d ,  t e s t s  on 
e a r t h  a r e  n o t  f e a s i b l e .  Low g r a v i t y  t e s t i n g  b y  e i t h e r  
drop tower o r  a i r c r a f t  maneuvers a r e  n o t  o f  s u f f i c i e n t  
t i m e  d u r a t i o n  f o r  t h e  tests .  Therefore,  a f l i g h t  
experiment aboard t h e  s h u t t l e  coupled w i t h  t h e  deve l -  
opment o f  a n a l y t i c a l  p r e d i c t i o n  techniques i s  b e i n q  
proposed. Ex tens i ve  ground t e s t i n g  i s  a l s o  r e q u i r e d .  
The two e s s e n t i a l  elements o f  t h e  program a r e  as 
f o l l o w s :  
w i l l  be developed a t  the Oak Ridge N a t i o n a l  Labora to ry  
t o  p r e d i c t  t h e  performance o f  TES m a t e r i a l s  o p e r a t i n g  
i n  a zero-g environment, i n c l u d i n q  t h e  f o r m a t i o n  and 
l o c a t i o n  o f  vo ids and t h e i r  impact o f  hea t  t r a n s f e r  
i n t o  and o u t  o f  t h e  TES. It i s  a n t i c i p a t e d  t h a t  t h e  
a n a l y t i c a l  techniques w i l l  be a b l e  t o  l a r q e l y  use 
e x i s t i n  t h e o r y  and computer programs. 
(27 Ground t e s t i n g  i s  r e q u i r e d  t o  assure t h e  
thermal  performance o f  each exper iment  and demonstrate 
t h e  s a f e  s u r v i v a l  o f  the s h u t t l e  launch environment. 
Thermal t e s t i n q  o f  each TES exper iment  w i l l  e s t a b l i s h  
t h e  t r a n s i e n t  thermal  behavior and c a p a b i l i t y  f o r  
100 thermal  c y c l e s  minimum. 
complete experiment mounted i n  i t s  c a r r i e r  w i l l  assure 
proper  thermal  performance on t h e  s h u t t l e .  V i b r a t i o n  
t e s t i n g  o f  a l l  components and t h e  complete exper iment  
i n  i t s  c a r r i e r  w i l l  assure adequate l aunch  
c h a r a c t e r i s t i c s .  
as fo l l ows :  
t y p i c a l  o f  low-ear th-orb i t  (60  m in  m e l t  and 36 m in  
f reeze ) ,  a re  requ i red ,  ( b )  s u f f i c i e n t  i n s t r u m e n t a t i o n  
and da ta  r e c o r d i n g  c a p a b i l i t y  t o  d e f i n e  t h e  thermal  
performance of t h e  TES a re  r e q u i r e d ,  and ( c )  t h e  
experiments s h a l l  represent  t y p i c a l  TES m a t e r i a l s  and 
c o n f i g u r a t i o n s  f o r  advanced techno logy  s o l a r  dynamic 
power systems. 
Cur ren t  p l a n s  a re  t o  f l y  a minimum o f  two TES 
experiments and a maximum o f  f o u r  depending on t h e  
cand ida te  m a t e r i a l s ,  the advanced r e c e i v e r  designs, and 
how w e l l  t h e  experiments c o r r e l a t e  t o  t h e  a n a l y t i c a l  
p r e d i c t i o n s .  The f i r s t  exper iment  w i l l  be  t h e  thermal  
c y c l i n g  ( 1 0  me l t / f reeze  c y c l e s )  o f  L iF ,  a phase chanqe 
s a l t  which m e l t s  a t  1121 K, has a hea t  o f  f u s i o n  o f  
1044J/kg and e x h i b i t s  a volume chanqe o f  30 pe rcen t  
w i t h  t h e  phase change. 
(1) An a n a l y t i c a l  c a p a b i l i t y  (computer program) 
Thermal/vac t e s t i n q  o f  t h e  
( 3 )  Minimum requi rements f o r  t h e  t e s t  program a r e  
( a )  a t  l eas t  10 m e l t / f r e e z e  cyc les ,  
Sensib le  Heat Receivers 
I n  a d d i t i o n  t o  l a t e n t  hea t  TES systems, NASA i s  
i n v e s t i g a t i n g  t h e  f e a S i b i i i L y  o f  usirlq s e n s i b l e  hed t  
as a means of  thermal  e n e r g y s t o r a g e  f o r  t h e  ASD pro-  
gram. 
s o l i d  s e n s i b l e  h e a t  system, u s i n g  b e r y l l i u m ,  o r  a 
l i q u i d  s e n s i b l e  h e a t  system, u s i n g  l i q u i d  l i t h i u m ,  t o  
l a t e n t  heat ,  phase change des igns.  The a n a l y t i c a l  
program w i l l  be conducted on  a systems l e v e l  where 
system s p e c i f i c  mass w i l l  be  t h e  p r i m a r y  e v a l u a t i o n  
c r i t e r i a .  
The o b j e c t i v e  o f  t h i s  program i s  t o  compare a 
Concen t ra to rs  
oped f o r  t e r r e s t r i a l  a p p l i c a t i o n s .  U n f o r t u n a t e l y ,  
t hese  c o n c e n t r a t o r s  have been des igned t o  s a t i s f y  a s e t  
o f  requ i remen ts  t h a t  a r e  s i q n i f i c a n t l y  d i f f e r e n t  t h a n  
those  f o r  use i n  space. F o r  example, a t e r r e s t r i a l  
c o n c e n t r a t o r  must w i t h s t a n d  h i q h  winds, h a i l s t o n e s ,  
dust ,  and many o t h e r  c o n d i t i o n s  t h a t  a r e  n o t  p resen t  
i n  space. These t e r r e s t r i a l  c o n d i t i o n s  q e n e r a l l y  l e a d  
t o  c o n c e n t r a t o r s  t h a t  have heavy, s t i f f  s t r u c t u r e s  on 
which t h e  r e f l e c t o r  f ace ts  (wh ich  a r e  a l s o  r e l a t i v e l y  
heavy) a r e  mounted. 
a l i q n e d  d u r i n g  t h e  assembly and checkout  phase, some- 
t h i n g  t h a t  cannot  be done i n  space. 
S t a t e  o f  technology.  Because o f  t h e  huge d i f f e r -  
ences between t h e  t e r r e s t r i a l  and space environments, 
ve ry  l i t t l e  o f  t h e  techno logy  developed f o r  t e r r e s -  
t r i a l  c o n c e n t r a t o r s  i s  d i r e c t l y  a p p l i c a b l e  t o  concen- 
t r a t o r s  f o r  space. Furthermore, s i n c e  no s o l a r  dynamic 
power system has eve r  been b u i l t  and opera ted  i n  space, 
t h e r e  i s  l i t t l e  s ta te -o f - the -a r t  t echno logy  f o r  such 
systems, e s p e c i a l l y  f o r  t h e  c o n c e n t r a t o r  i t s e l f .  The 
consequences o f  t h i s  a r e  t h a t  t h e  f i r s t  c o n c e n t r a t o r s  
s l a t e d  f o r  space must o f  n e c e s s i t y  be  des igned u s i n q  a 
low r i s k  approach t o  ensure success fu l  ope ra t i on .  
A space c o n c e n t r a t o r  i s  p r e s e n t l y  b e i n g  developed 
f o r  t h e  space s t a t i o n .  T h i s  c o n c e n t r a t o r  d e s i q n  i s  an 
assembly o f  19 hexaqonal modules, each o f  which meas- 
u res  3.46 m across t h e  f l a t s  (F iq .  13). Each module 
c o n s i s t s  o f  a s t r u c t u r e  on which a r e  mounted 24 tri- 
anqu la r  shaped r e f l e c t o r  s e c t i o n s .  The s t r u c t u r e  i s  
comprised o f  a main hexagonal shaped beam t h a t  forms 
t h e  p e r i m e t e r  and a s e r i e s  o f  d iaqona l  beams t h a t  j o i n  
t h e  co rne rs  o f  t h e  main beam t o  t h e  c e n t e r  t o  f o r m  t h e  
t r i a n q u l a r  shaped frames t h a t  suppor t s  t h e  r e f l e c t o r  
elements, F i g .  14. A l l  t h e  hexagonal modules a r e  
j o i n e d  b y  h inges  an6 l a t c h e s  t o  f o r m  a r i g i d  concen- 
t r a t o r .  
The hex-concentrator  des ign  was s i g n i f i c a n t l y  
i n f l u e n c e d  b y  t h e  need t o  packaqe i t  f o r  l aunch ing  i n t o  
LEO i n  t h e  s h u t t l e  bay, and deployment ( o r  assembly) 
i n  space. T h i s  i s  one requ i remen t  t h a t  must be s a t i s -  
f i e d  b y  any c o n c e n t r a t o r  t h a t  i s  t o  be launched i n  t h e  
s h u t t l e .  Because t h e  c o n c e n t r a t o r  s i z e  i s  much l a r q e r  
t h a n  t h e  s h u t t l e  bay dimensions, i t  had t o  be des igned 
as an assembly o f  modules t h a t  c o u l d  be  launched i n  a 
compact s tack,  F i q .  15. One method f o r  assembling t h e  
c o n c e n t r a t o r  i n  space i s  d e p i c t e d  i n  F ig .  16. T h i s  
method c o u l d  be  automated t o  e l i m i n a t e  t h e  need f o r  a 
l a r g e  amount o f  a s t r o n a u t  t i m e  i n  EVA o r  i t  c o u l d  b e  
comp le te l y  deployed by as t ronau ts .  
method i s  s t i l l  under s tudy.  
c e p t  t h a t  has been developed ( o n l y  as a conceptual  
des ign )  i s  one t h a t  uses a deep, l i q h t w e i g h t  t r u s s  
s t r u c t u r e  on t o  which a r e  a t tached  86, 2-m square 
r e f l e c t o r  f a c e t s  (F iq .  17) .  The s t r u c t u r e  w i t h  t h e  
f a c e t s  a t tached  i s  c o l l a p s i b l e  i n t o  a compact bund le  
which f i t s  i n t o  t h e  s h u t t l e  bay f o r  l aunch  an6 then  i s  
u n f o l d e d  i n  a sys temat i c  f a s h i o i i  once i n  o r b i t .  The 
method f o r  u n f o l d i n q ,  i.e., manua l l y  b y  as t ronau ts  o r  
au tomat i c  w i th  a s t r o n a u t  ass i s tance ,  has n o t  been 
s tud ied .  The one b i g  advantage o f  t h e  deep t r u s s  
s t r u c t u r e  i s  t h a t  i t  i s  es t ima ted  t o  be  ve ry  r i q i d ,  
which i s  a d e s i r a b l e  p r o p e r t y  f o r  a concen t ra to r .  The 
s t a t u s  o f  t h i s  concept  i s  t h a t  t h e  conceptual  des ign  
i s  completed. No fo l l ow-on  work i s  i n  progress.  How- 
ever ,  t h e  deep t r u s s  concept  appears t o  have p o t e n t i a l  
S o l a r  c o n c e n t r a t o r s  have been s u c c e s s f u l l y  deve l -  
The f a c e t s  a r e  i n d i v i d u a l l y  
The p r e f e r r e d  
F u t u r e  c o n c e n t r a t o r  requi rements.  A second con- 
4 
f o r  f u t u r e  space power a p p l i c a t i o n s .  It i s  o u r  i n t e n -  
t i o n  t o  s t u d y  t h i s  concept  f u r t h e r  s t a r t i n g  perhaps i n  
1987 o r  1988. 
The we igh ts  o f  t h e  hexagonal (18.4 m diam) and 
deep t r u s s  f o r  a 25.7 m d iameter  s i z e  were es t ima ted  t o  
be  450 and 1043 kg, r e s p e c t i v e l y .  These weights ,  when 
conver te  
3.2 k g l a .  A comparison o f  t hese  s p e c i f i c  we igh ts  
shows t h a t  t h e  deep t r u s s  has a we igh t  advantag$. The 
goa l  f o r  f u t u r e  c o n c e n t r a t o r s  i s  about  1.2 kg/m 
more e f f i c i e n t ,  and t h e r e f o r e ,  l i g h t e r  i n  we igh t  and 
s m a l l e r  i n  s i ze ,  o n l y  i f  t h e  o p e r a t i n g  temperature o f  
t h e  h e a t  eng ine  i s  increased.  H igher  o p e r a t i n g  tem- 
p e r a t u r e s  impose some s t r i n g e n t  requ i remen ts  on t h e  
c o n c e n t r a t o r .  It must be capable o f  c o n c e n t r a t i o n  
r a t i o s  o f  o v e r  2000. 
s u r f a c e  must be  a c c u r a t e l y  made ( s l o p e  e r r o r s  l e s s  than 
1.0 mrad), smooth ( l e s s  than  50 A s u r f a c e  f i n i s h ) ,  
and have h i g h  specu la r  r e f l e c t i v i t y  ( r e f l e c t i v i t y  
g r e a t e r  t h a n  0.95). I n  a d d i t i o n ,  t h e  c o n c e n t r a t o r  
s t r u c t u r e  must be  r i g i d  ( a  n a t u r a l  f requency  w e l l  above 
1 Hz), packageable ( f o l d a b l e  o r  segmented) f o r  launch 
and assembleable i n  space. A l l  t hese  requi rements,  
p l u s  an expected s e r v i c e  l i f e  o f  7 t o  10 years  w i l l  be 
met i f  t h e  a p p r o p r i a t e  techno logy  i s  a v a i l a b l e .  The 
o b j e c t i v e  o f  t h e  c o n c e n t r a t o r  development program, 
t h e r e f o r e ,  i s  t o  develop t h e  techno logy  w i t h  which 
l i g h t w e i g h t ,  p r e c i s e l y  made, and h i g h l y  accu ra te  space 
c o n c e n t r a t o r s  o f  va r ious  s i z e s  can be designed, b u i l t  
and demonstrated. 
The approach p lanned f o r  meet ing t h e  o b j e c t i v e  
w i l l  be t o  execute a s e r i e s  o f  l o n g  t e r m  p r o j e c t s  both 
in-house and on  c o n t r a c t .  
i deas  w i t h  h i g h  p o t e n t i a l  f o r  mee t ing  t h e  g o a l s  w i l l  
b e  encouraged. 
Micro-sheet  g lass.  I n  m i d  1986, an in-house 
e f f o r t  was i n i t i a t e d  t o  develop a c o n c e n t r a t o r  which 
uses ve ry  t h i n  m ic roshee t  g l a s s  (0.1 t o  0.25 mn) as a 
second s u r f a c e  m i r r o r .  Glass i s  one o f  t h e  most dur- 
a b l e  m a t e r i a l s  i n  a LEO envi ronment  and i s  t h e r e f o r e  a 
p r ime  c a n d i d a t e  t o  consider .  The extreme t h i n n e s s  was 
chosen t o  d i m i n i s h  t h e  thermal  g r a d i e n t s  w i t h i n  t h e  
g l a s s  as t h e  g l a s s  temperature undergoes i t s  c y c l i c a l  
v a r i a t i o n .  Such t h i n  g l a s s  r e q u i r e s  a s t i f f  subs t ra te  
t o  suppor t  i t  and t o  m a i n t a i n  i t s  contour .  Work has 
s t a r t e d  t o  f i n d  a s u i t a b l e  m a t e r i a l  f o r  t h e  subs t ra te .  
I n  a d d i t i o n  t o  p r o v i d i n g  suppor t  and adequate s t i f f -  
ness, t h e  s u b s t r a t e  i s  t o  ( 1 )  have a c o e f f i c i e n t  o f  
expansion t h a t  i s  c l o s e  t o  t h a t  o f  t h e  g lass,  ( 2 )  be 
h i g h l y  r e s i s t a n t  t o  atomic oxygen, and ( 3 )  be l i g h t -  
we igh t .  A l s o  under s tudy  a r e  methods f o r  h o t  f o rm ing  
t h e  m i c r o s h e e t  g l a s s  i n t o  t h e  shape o f  s p h e r i c a l  e le -  
ments ( F i g .  18) .  When t h e  s ~ 5 s t r a t e  i s  developed and 
t h e  t h i n  g l a s s  i s  formed and coated w i t h  a r e f l e c t i v e  
f i l m ,  t h e y  w i l l  be  bonded t o g e t h e r  t o  fo rm a 20 cm 
r e f l e c t o r  and then  t e s t e d  f o r  t h e  o p t i c a l  p r o p e r t i e s ,  
s t i f f n e s s ,  s t r e n g t h ,  r e s i s t a n c e  t o  LEO environment, 
and the rma l  c y c l i n g .  I f  t h i s  approach r e s u l t s  i n  a 
s u i t a b l e  c o n c e n t r a t o r ,  i t  w i l l  be used t o  f a b r i c a t e  a 
l a r g e r  s p h e r i c a l  segment r e f l e c t o r - a b o u t  1 m square. 
P lanned development e f f o r t .  Con t rac tua l  e f f o r t s  
a r e  s l a t e d  t o  s t a r t  i n  m id  1987 . 
i n g  on  t h e  funds  a v a i l a b l e  and on t h e  number o f  q u a l i t y  
p r o p o s a l s )  s t u d y  c o n t r a c t s  w i l l  be awarded. The objec- 
t i v e  of t h e s e  procurements w i l l  be  t o  develop t h e  
techno logy  needed t o  des ign and b u i l d  s o l a r  concentra- 
t o r s  o f  v a r i o u s  s i z e s  f o r  space a p p l i c a t i o n s  beyond 
1995. The i n t e n t i o n  he re  i s  t o  encourage t h e  develop- 
ment o f  c o n c e n t r a t o r  concepts t h a t  have t h e  p o t e n t i a l  
t o  s p e c i f i c  we igh ts  a r e  4.5 kg/m2. and 
F u t u r e  s o l a r  dynamic power systems can be made 
To achieve t h i s ,  t h e  r e f l e c t i n g  
I n n o v a t i v e  concepts and 
Two o r  more (depend- 
f o r  mee t ing  t h e  g o a l s  s e t  f o r t h  above. It i s  recoq- 
n i z e d  t h a t  t h e  development r i s k s  w i l l  be h i g h  f o r  t h e  
more p romis ing  c o n c e n t r a t o r  concepts. The s t u d i e s  w i l l  
r e q u i r e  deve lop ing  c o n c e n t r a t o r  des igns f o r  a v a r i e t y  
o f  s i z e s  ( 1  t o  300 kWe), i d e n t i f y i n g  t h e  f a c t o r s  and 
b a r r i e r s  t h a t  w i l l  impede meet ing t h e  des ign  goa ls  and 
requi rements,  conduc t ing  research  of t hese  f a c t o r s  t o  
e l i m i n a t e  t h e  b a r r i e r s ,  b u i l d i n g  and t e s t i n g  e i t h e r  
f u l l  o r  reduced s c a l e  s i z e  o r  a r e p r e s e n t a t i v e  segment 
t h e r e o f .  I t  i s  p lanned t h a t  a t  t h e  end o f  t h i s  5-yr 
program, t h e r e  w i l l  be a v a i l a b l e  t h e  techno logy  w i t h  
which t o  des ign  and b u i l d  advanced c o n c e n t r a t o r  con- 
c e p t s  f o r  f u t u r e  use i n  s o l a r  dynamic power systems 
f o r  a range o f  power l e v e l s  and a p p l i c a t i o n s  (NASA, 
government, commercial,  and DOO). As a c o r o l l a r y  t o  
these  accomplishments t h e  techno logy  needed t o  
assemble, checkout, launch, and dep loy  these  concen- 
t r a t o r s  w i l l  a l s o  be  a v a i l a b l e .  
Domed Fresnel  l ens .  A program t h a t  was s t a r t e d  
e a r l v  i n  1986 w i t h  a c o n t r a c t  t o  Entech I n c .  i s  i nves -  
t i g G i n g  a concept t h a t  Entech has used i n  seve ra l  
t e r r e s t r i a l  p h o t o v o l t a i c  c o n c e n t r a t o r  a p p l i c a t i o n s .  
The concept  uses a domed F resne l  l e n s  made o f  l i g h t -  
weight ,  f l e x i b l e  f l o u r o p l a s t i c .  The unique des ign  uses 
a p r i s m a t i c  s u r f a c e  on t h e  unders ide  o f  t h e  l e n s  t o  
p r o v i d e  r e f r a c t i v e  f o c u s i n g  o f  t h e  s o l a r  energy i n t o  
t h e  r e c e i v e r  aper ture.  A s e c t i o n  o f  t h e  l e n s  showing 
t h e  i n d i v i d u a l  p r i sms  i s  shown i n  F ig .  19. T h i s  con- 
s t r u c t i o n  o f f e r s  seve ra l  advantages ove r  a r e f l e c t i v e  
t y p e  c o n c e n t r a t o r  as f o l l o w s :  
( 1 )  The r e f r a c t i v e  n a t u r e  o f  t h e  F resne l  l e n s  
p r o v i d e s  s l o p e  e r r o r  t o l e r a n c e  about 200 t imes  as l a r g e  
as f o r  a r e f l e c t i v e  concen t ra to r .  
( 2 )  I t  appears t h a t  t h e  domed l e n s  c o n s t r u c t i o n  
( F i g .  20) can be of ve ry  t h i n  (0.5 t o  1 mm) sheets  o r  
panels .  A l s o  because o f  t h e  s l o p e  e r r o r  t o l e r a n c e ,  
t h e y  do n o t  have t o  be h e l d  as r i g i d l y  as does a 
r e f l e c t i v e  sur face.  
a r e  l o c a t e d  beh ind  t h e  l ens ,  t h e  r e c e i v e r  w i l l  n o t  
shadow t h e  l ens .  
I n i t i a l  i n v e s t i g a t i o n s  show t h a t  t h e  f l o u r o -  
p l a s t i c  l e n s  m a t e r i a l  w i l l  be degraded by t h e  atomic 
oxygen p resen t  i n  LEO. Methods o f  p r o t e c t i n g  t h e  l e n s  
m a t e r i a l  be ing  i n v e s t i g a t e d  b y  Entech i n c l u d e  bonding 
t h i n  (0.1 mm) g l a s s  t o  t h e  l e n s  o u t e r  su r face .  
c o n i c a l  shroud would be  r e q u i r e d  between t h e  concen- 
t r a t o r  and t h e  r e c e i v e r  t o  p r o t e c t  t h e  under s i d e  o f  
t h e  l e n s .  A c o a t i n g  o f  maqnesium f l o u r i d e  o r  Sol  Gel 
i s  a l s o  b e i n g  i n v e s t i g a t e d .  Glass i s  a l s o  b e i n g  con- 
s i d e r e d  f o r  use as t h e  l e n s  m a t e r i a l  i n  a d d i t i o n  t o  
t h e  p l a s t i c s .  
CONCLUDING REMARKS 
Since t h e  r e c e i v e r  and hea t  engine 
A 
A l thouqh p h o t o v o l t a i c  power systems have served 
NASA w e l l  f o r  many years,  m i s s i o n  a n a l y s i s  show t h a t  
n e a r l y  100 f u t u r e  NASA and DO0 miss ions  w i l l  have power 
requ i remen ts  t h a t  exceed t h e  p r a c t i c a l  l i m i t s  o f  photo- 
v o l t a i c s  and w i l l  be  o p e r a t i n q  a t  a l t i t u d e s  t h a t  a r e  
damaginq t o  p h o t o v o l t a i c s  (Van A l l e n  b e l t ) .  S o l a r  
dynamic power systems can c l e a r l y  p r o v i d e  these  f u t u r e  
needs. To f u l l y  meet t h i s  chal lenge,  f u r t h e r  perform- 
ance ga ins  i n  t h e  areas o f  r e l i a b i l i t y ,  mass reduc t i on ,  
and d r a g  area r e d u c t i o n  have been made qoa ls  o f  t h e  
development program. In-house s t u d i e s  have shown t h a t  
s u b s t a n t i a l  r e d u c t i o n  i n  system mass can be reached b y  
( 1 )  The development o f  h i g h  temperature r e c e i v e r s  
( 2 )  The development o f  h i g h  q u a l i t y  h i q h  sur face 
and thermal  energy s to rage  systems, 
accuracy concen t ra to rs ,  
5 
(3) The use of the highly efficient free piston 
Stirling engine and 
(4) The use of light weight construction 
techniques. These are the drivers of the NASA 
6 
Lewis Research Center's Advance Solar Dynamic 
Development Proqram. Future considerations in 
system development must include launch package 
volume and deployment considerations. 
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q i s s i o n  Power 
date, l e v e l ,  
y r  1 kWe 
5 
4 
I 1; 7 1996 
1996 4 
1999 1 0  
1993 I 6 t o  1 0  
1996 I 1 0  t o  30 
TABLE 11. - M I S S I O N S  IDENTIFIED BY C IV IL  MISSIONS ADVISORY GROUP 
M i s s i o n  
Yanned o r b i t a l  f a c i l i t y  
I n i t i a l  space s t a t i o n  
Growth space s t a t i o n  
Advanced space s t a t i o n  
E a r t h  sc ience  and a p p l i c a t i o n s  
GEO communications p l a t f o r m  
A i r l o c e a n  t r a f f i c  c o n t r o l  
T r a n s p o r t a t i o n  
GEO payload d e l i  ve ry  
Lunar  pay load d e l i v e r y  
Manned Mars m i s s i o n  
A s t e r o i d  base resources  
M a t e r i a l  p rocess ing  
P l a n e t a r y  e x p l o r a t i o n  
M u l t i - a s t e r o i d  sample 
Comet nuc leus  sample 
Re tu rn  
Re tu rn  
O r b i t  
LEO 
LEO 





I P  space 
I P  space 
I P  space 
I P  space 
M i s s i o n  
date, 
yr 
1990 t o  2000 
!OOO t o  2010 
2000 t o  2010 
1990 t o  2000 
zoo0 t o  2010 
1990 t o  2000 
2000 t o  2010 
Beyond 2010 
Beyond 2010 
2000 t o  1010 
1990 t o  2000 
Power 
l e v e l ,  
kWe 
75 t o  150 
500 t o  1000 
300 t o  500 
100 t o  200 
100 t o  200 
100 t o  200 
,1000 
in0 t o  200 
200 t o  500 
100 t o  200 
100 t o  200 
TABLE 111. - LISTING OF DOD M I S S I O N S  
L i F  
NaF 
I M i s s i o n  
1044 1121 1820 kglm3 L i q u i d  
802 1261 2060 kg lm3 L i q u i d  
(1558) 
(1810) 




l e v e l ,  
6 t o  30 
TABLE I V .  - SYSTEM PARAMETERS USED I N  SYSTEM DEFINITION STUDY 
Unless o t h e r w i s e  ind icated,  t h e  f o l l o w i n q  values p r e v a i l :  
Concen t ra to r  
Su r face  s l o p e  e r r o r  = 2 mrad 
P o i n t i n g  e r r o r  = 0.2 
Ref  l e c t i  v i  t y  = 0.9 
Phase change m a t e r i a l s  cons ide red  
Name Heat o f  Me l t i ng  Maximum d e n s i t y  and s t a t e  
f u s i o n ,  temperature, I J l g  1 K ( O F )  1 I 
TABLE V .  - PHASE CHANGE MATERIAL THERMOPHYSICAL PROPERTIES 
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.74 t o  .76 
.52 t o  .56 
.64 t o  .67 
.52 
.61 t o  .65 
.7 t o  .73 
.71 
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FIGURE 1.- DISTRIBUTION OF MISSIONS AS A FUNCTION OF POWER 
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FIGURE 4.- COMPARISON OF PRESENT DAY PHOTOVOLTAIC AND SOLAR DYNAMIC TECHNOLOGIES 
FROM SYSTEM D E F I N I T I O N  STUDY. 
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FIGURE 5.- SYSTEM MASS COMPARISONS BETWEEN SOLAR DYNAMIC AND PHOTO- 
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FIGURE 5, - CONCLUDED. 
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FIGURE 6.- SYSTEM AREA COMPARISONS BETWEEN SOLAR DYNAMIC CONCEN- 
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FIGURE 7.- MASS DISTRIBUTION OF COMPOENTS I N  35 KWE SOLAR DYNAMIC BRAYTON SYSTEM FROM 
SYSTEM DEFINIT ION STUDY. 
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FIGURE 8.- ADVANCED SOLAR DYNAMIC (ASD) PROGRAM PROJECTED 
GAINS COMPARED TOPRESENT DAY TECHNOLOGY. 
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(B) CONCENTRATOR SPECIFIC AREA. 
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FIGURE 8.- CONCLUDED. 
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FIGURE 9.- BASELINE RECEIVER. 
FIGURE 10. - QUARTZ TUBE CONTAINING THERMAL ENERGY STORAGE PHASE 
CHANGE MATERIAL AND CONTAINMENT MATERIAL ALLOY. 
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FIGURE 11. - BREAD PAN ASSEMBLY. 
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(A) GENERAL ARRANGEMENT AND DIMENSIONS OF THE CONCENTRATOR. 
FIGURE 13.- FIRST GENERATION SOLAR CONCENTRATOR FOR 25 KWE SOLAR 
DYNAMIC POWER SYSTEM FOR OPERATION I N  LOW EARTH ORBIT .  
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(B) SKETCH OF A TYPICAL HEXAGONAL REFLECTOR MODULE 
FIGURE 13.- CONTINUED. 
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FIGURE 13.- CONCLUDED. 
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FIGURE 14.- STRUCTURAL FRAMEWORK OF A TYPICAL HEXAGONAL MODULE. 
4.5 M DYNAMIC 
ENVELOPE FOR 
(177 I N . )  - 4.0 M DIAM 
(157 I N . )  
0 H I  NGES AND LATCHES-* 
3.46 M 
ACROSS FLATS -- 














PAHEL 4 1 PANEL 5 
t PA'JEL lo PAElEL 9 
PANEL 14 I PANEL 15 
PANEL 19 
FIGURE 16.- A METHOD FOR ASSEMBLING THE HEXAGONAL MODULES INTO THE 
FINAL ORBITAL CONCENTRATOR CONFIGURATION. 
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FIGURE 17.- A CONCENTRATOR CONCEPT THAT U T I L I Z E S  A DEEP 
TRUSS AND SQUARE REFLECTOR FACET. SHOWN I S  ONE ARRANGE- 
MENT OF A SOLAR DYNAMIC POWER SYSTEM FOR USE I N  SPACE. 
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FIGURE 19.- TYPICAL PRISMS I N  ENTECH'S DOME LENS CONCENTRATOR, 
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FIGURE 20. - ENTECH'S DOME LENS CONCENTRATOR CONSTRUCTION 
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